Langerhans cells (LCs) are epidermal dendritic cells with incompletely understood origins that associate with hair follicles for unknown reasons. Here we show that in response to external stress, mouse hair follicles recruited Gr-1 hi monocyte-derived precursors of LCs whose epidermal entry was dependent on the chemokine receptors CCR2 and CCR6, whereas the chemokine receptor CCR8 inhibited the recruitment of LCs. Distinct hair-follicle regions had differences in their expression of ligands for CCR2 and CCR6. The isthmus expressed the chemokine CCL2; the infundibulum expressed the chemokine CCL20; and keratinocytes in the bulge produced the chemokine CCL8, which is the ligand for CCR8. Thus, distinct hair-follicle keratinocyte subpopulations promoted or inhibited repopulation with LCs via differences in chemokine production, a feature also noted in humans. Pre-LCs failed to enter hairless skin in mice or humans, which establishes hair follicles as portals for LCs. 
A r t i c l e s
Hair represents a vital component of the skin, as it constitutes a physical barrier that protects mammals from external insults. Each individual hair follicle is equipped with anatomically distinct stem cell niches (the hair-follicle bulge), characterized by expression of the adhesion molecule CD34, integrin α 6 and keratin 15 (refs. 1-3) , that facilitate the regeneration and maintenance of hair growth. Several studies have suggested that the hair follicle, particularly the bulge, represents an immune-privileged structure 4 that protects itself from undesirable inflammation via loss of major histocompatibility molecules or via the expression of CD200 (ref. 5 ), a cell-surface molecule reported to exert immunosuppressive effects 6 .
Notably, hair follicles are targeted in several autoimmune and/or inflammatory diseases. The bulb is targeted in alopecia areata, which results in reversible hair loss, whereas the bulge is destroyed in lupus erythematosus and lichen planopilaris, which leads to irreversible hair loss 7 . Furthermore, hair follicles are densely populated by Langerhans cells (LCs), unique dendritic cells (DCs) of the epidermis characterized by radioresistance and longevity 8 , simultaneous expression of the LC markers langerin and EpCAM (epithelial cell adhesion molecule) [9] [10] [11] and critical dependence on the cytokine TGF-β (transforming growth factor-β) [12] [13] [14] . LCs serve critical roles in host defense against pathogens on the skin surface by specifically promoting responses of the T H 17 subset of helper T cells against Candida albicans 15 and humoral responses of the T H 2 subset of helper T cells against bacterial antigen in mice immunized with the antigen via a gene gun 11 , as well as against Staphylococcus aureus-derived toxin 16 . The importance of the association of LCs with hair follicles is unknown, and the specific mechanisms by which LCs associate with hair follicles remain unexplored.
LCs are reported to self-renew in skin at steady state 8 and to arise from a subset of monocytes identified by high expression of the monocyte marker Gr-1 (Ly6G) during inflammation elicited by irradiation with ultraviolet C waves 17 . It has also been reported that during development, LCs arise from lineages that express the chemokine receptor CX3CR1 (ref. 18 ). The relative contributions of monocytes and CX3CR1-expressing lineages as sources of LCs in adult mice are unknown. Furthermore, the route(s) and mechanisms by which precursors of LCs populate the epidermis remain unclear.
Many chemokine-chemokine receptor pairs coordinate the migration of DCs 19 . Skin DCs express chemokine receptors, and of those, CCR7 (refs. 20,21) and CXCR4 (ref. 22 ) are reported to be involved in the migration of LCs to the lymph nodes. The requirements for A r t i c l e s chemokine-chemokine receptor pairs by LCs during epidermal repopulation are incompletely characterized, in part because of the lack of knowledge about the origin of LCs and the route(s) of repopulation. However, the chemokine receptors CCR2 and CCR6 are known to enable monocyte-derived precursor cells to appear in epidermis as fully developed LCs 8, 23 . In this report, we demonstrate that lysozyme M (LysM)-expressing myeloid cells gave rise to LCs after the application of mechanical or inflammatory stimuli to the skin and that these cells were induced to enter the epidermis by keratinocyte subsets in the hair follicle with distinct chemokine-expression profiles. Precursors of LCs did not efficiently populate the epidermis if they did not express the appropriate chemokine receptors or if the hair follicles were absent. Thus, our results demonstrate a previously unknown contribution of hair follicles to the entry of DCs into sites of limited or minor tissue perturbation.
RESULTS

Langerin-negative DCs populate epidermis depleted of LCs
To monitor repopulation by LCs, we studied mice with sequence encoding the diphtheria toxin receptor (DTR) inserted into the gene encoding langerin (Langerin-DTR mice), which allows inducible ablation of LCs by treatment with diphtheria toxin (DT) 24 . Langerin-DTR mice underwent rapid depletion of epidermal LCs, which express langerin, after intraperitoneal administration of DT; the LCs reappeared in clusters over a period of weeks to months in the absence of perturbation 11, 24 (Fig. 1a) . The repopulating LCs coexpressed the LC markers langerin and EpCAM 11 . To ensure that those clusters of LCs did not reflect incomplete depletion, we generated bone marrow chimeras by reconstituting lethally irradiated Langerin-DTR (CD45.1 + ) mice with bone marrow from wild-type (CD45.2 + ) mice. At 3-8 weeks after reconstitution, all hematopoietic cells in the recipient mice were of donor origin, except for radioresistant epidermal LCs, which remained mainly of host origin 8 (data not shown). Depleting the mice of LCs by treatment with DT at this point allowed us to monitor the appearance of LCs of donor origin. Langerin-expressing LCs repopulated the epidermis in clusters. However, staining for major histocompatibility complex (MHC) class II also identified langerin-negative (Lang − ) cells in the epidermis (Fig. 1b) . These Lang − cells were present either as single cells or clusters and could be readily distinguished by their size and highly dendritic morphology (Fig. 1b) .
To determine if MHC class II-positive (MHCII + ), Lang -cells entered the epidermis only after mice were depleted of LCs, we analyzed suspensions of epidermal cells from wild-type mice or from lethally irradiated Langerin-DTR mice that had been reconstituted with congenic bone marrow and then treated intraperitoneally with DT (or PBS as a control) 14 d before analysis. Although most MHCII + cells in wild-type mice expressed langerin, we observed some MHCII + Lang -cells in control Langerin-DTR bone marrow chimeras that received PBS (Fig. 1c) . DT-treated Langerin-DTR bone marrow chimeras had three-to fivefold more donor-derived MHCII + Langcells than did their PBS-treated counterparts (Fig. 1c) , which demonstrated that depleting mice of LCs facilitated epidermal infiltration or population expansion by MHCII + Lang -EpCAM -cells. 
A r t i c l e s
To determine if the MHCII + Lang -EpCAM -cells were related to the CX3CR1 + precursors of LCs that seed the epidermis during embryonic development 18 , we transferred bone marrow from wild-type and Cx3Cr1 gfp/gfp mice (in which sequence encoding enhanced green fluorescent protein (eGFP) is knocked into the gene encoding CX3CR1 (Cx3Cr1) to inactivate Cx3Cr1) 25 into lethally irradiated Langerin-DTR mice, then treated the mice with DT to deplete them of LCs at 3 weeks after transplantation of bone marrow. Cx3Cr1 gfp/gfp LCs and MHCII + Lang -cells populated the epidermis with efficiency similar to that achieved by wild-type cells (Fig. 1c,d) , which indicated that CX3CR1 was not required for repopulation by LCs. Furthermore, although we detected eGFP expression in leukocytes in the blood, we did not detect it in LCs or MHCII + Lang -cells that repopulated the epidermis (Fig. 1d) , which suggested that the LCs in this repopulation setting were distinct from the CX3CR1-expressing lineage.
We used flow cytometry to better characterize the epidermisrepopulating MHCII + Lang -cells. MHCII + Lang -cells had higher CD11b expression and lower CD205 expression than did LCs, but had F4/80 expression similar to that of LCs, and expressed little if any EpCAM. MHCII + Lang -cells also had slightly higher expression of CD80 and CD86 than LCs had, whereas their CD172a expression was slightly lower than that on LCs (Fig. 1e) . We did not detect CD206 or CD135 on either cell type. We also did not detect expression of Gr-1 or Ly6C by these cells (Fig. 1e) . Together these data indicated that MHCII + cells of donor bone marrow origin with a myeloid phenotype repopulated epidermis that had been depleted of LCs and that they seemed to be distinct from both the CX3CR1 + precursors of LCs and Gr-1 hi precursors of LCs reported before 17, 18 .
Rapid repopulation by LCs during inflammation
The detection of low expression of langerin in some MHCII + cells with highly dendritic morphology in the bone marrow chimeras suggested that MHCII + Lang -cells might differentiate into LCs (data not shown). To explore the possibility that differentiation into LCs was enhanced by inflammation, we monitored repopulation by LCs in Langerin-DTR mice depleted of LCs that also received one application of the hapten TNCB to the ear skin 1 d after being depleted of LCs. In contrast to the slow repopulation by LCs observed after treatment with DT in ears not treated with TNCB, MHCII + Lang -EpCAM -cells infiltrated TNCBtreated epidermis on day 1 after treatment ( Fig. 1f and Supplementary  Fig. 1 ), acquired various amounts of expression of langerin and EpCAM by day 7, and almost completely reconstituted the epidermis with fully differentiated LCs by day 14 (Fig. 1f) . These findings suggested that MHCII + Lang -EpCAM -cells were the immediate precursors of true LCs and that differentiation into LCs could be enhanced by inflammation.
Generation of LCs by LysM-expressing MHCII + cells
We sought to determine the origin of the MHCII + Lang -EpCAMpotential precursors of LCs. To investigate if these were derived from monomyeloid precursors 26 , as indicated by their myeloid phenotype, we mapped the fate of LysM-expressing cells by crossing mice expressing Cre recombinase driven by the gene expressing LysM (LysM-Cre mice), which allows myeloid cell-specific deletion of loxP-flanked genes by Cre 27 , to mice with transgenic expression of loxP-flanked sequence encoding chloramphenicol acetyltransferase (CAT) and eGFP driven by the CAG promoter (chicken β-actin promoter with cytomegalovirus enhancers; CAG-CAT-eGFP mice) 28 . In the resulting LysM-eGFP offspring, the expression of eGFP marked cells that had previously expressed LysM (called 'LysM fm+ cells' here). We detected scattered clusters of LysM fm+ (MHCII + Lang + ) LCs in the unperturbed epidermis of LysM-eGFP mice by immunofluorescence microscopy. Flow cytometry showed that up to 10% of LCs in adult mice were derived from LysM-expressing precursor cells (Fig. 2a) . To verify that LysM fm+ cells originated in bone marrow, we transferred bone marrow from LysM-eGFP (CD45.2 + ) mice into Langerin-DTR (CD45.1 + ) mice, then depleted the mice of host LCs by treatment with DT and then treated the mice topically with TNCB 3 weeks later. Staining of epidermal sheets 2 weeks after that treatment with TNCB routinely demonstrated the presence of donor CD45.2 + LysM fm+ LCs. Consistent with that, 20-30% of MHCII + CD45.2 + epidermal cell suspensions were LysM fm+ , and up to 35% of Lang + LCs were LysM fm+ (Fig. 2b) . Only 50% of the epidermal LCs in CAG-eGFP mice expressed eGFP (data not shown), consistent with published observations that strong viral promoters, such as the CAG promoter used here, can undergo silencing 29 . Therefore, the number of LysM fm+ LCs and/or precursors of LCs in these experiments might be underestimated.
We next evaluated the time course of repopulation by and differentiation of LysM fm+ LCs in bone marrow chimeras. At day 7 after TNCB treatment, suspensions of epidermal cells from dorsal trunk skin contained LysM fm+ MHCII + cells, only a small fraction of which expressed langerin. At day 14, over 50% of LysM fm+ cells expressed langerin, and by days 28 and 56, most LysM fm+ cells persisted and had acquired langerin expression (Fig. 2c) . These data demonstrated that a subpopulation of LCs in unperturbed skin, as well as in chimeras, arose from a LysM-expressing lineage. We called the LysM fm+ MHCII + Lang -cells that infiltrated the epidermis after bone-marrow transfer or inflammation 'pre-LCs' .
To determine whether the pre-LCs were derived from Gr-1 hi monocyte precursors 17 , we reconstituted irradiated Langerin-DTR mice with CD115 + Gr-1 hi LysM-eGFP bone marrow, then depleted the mice of host LCs through treatment with DT and induced pre-LCs by topical application of TNCB. Two weeks later, we found eGFP-expressing preLCs and LCs in the ear epidermis (Fig. 2d) , which demonstrated that CD115 + Gr-1 hi cells in the bone marrow gave rise to pre-LCs, which further differentiated into LCs. MHCII + CD11b hi or MHCII + CD11b lo DCs in the skin, which represented dermal DCs that included Lang -and Lang + dermal DCs, did not express any eGFP (data not shown).
To confirm those findings, we crossed LysM-Cre mice to mice that express the gene encoding diphtheria toxin A (DTA) from the ubiquitous Rosa26 locus. In the resulting LysM-DTA offspring, cells that expressed LysM simultaneously expressed DTA and underwent cell death, which led to constitutive depletion of cells of the LysM-expressing lineage. We reconstituted lethally irradiated Langerin-DTR mice with a mixture of equal numbers of LysM-DTA (CD45.2 + ) bone marrow cells and wild-type (CD45.1 + ) bone marrow cells, then depleted the mice of host LCs through treatment with DT 3 weeks later. In contrast to wild-type bone marrow, which gave rise to both true LCs and pre-LCs 2 weeks after mice were depleted of LCs, LysM-DTA bone marrow did not produce pre-LCs (Fig. 2e) . The absence of pre-LCs reproducibly led to fewer fully developed LCs, but mice never underwent complete depletion of LCs, consistent with the observation that most LCs in LysM-eGFP mice did not express eGFP (Fig. 2a,b) . Thus, monomyeloid pre-LCs gave rise to a subpopulation of LCs during steady state or after perturbation in adult mice but did not represent A r t i c l e s the sole source of LCs. LCs that were independent of monomyeloid pre-LCs also arose from the bone marrow, but their exact origin(s) remain(s) to be identified. Together these data suggested that several pathways support LC development and that the relative importance of the different pathways may vary over the life of a mouse and is influenced by the presence or absence of environmental perturbation (such as ultraviolet irradiation, infection and allergic or physical insults).
Pre-LCs require chemokine receptors for entry into the epidermis To evaluate chemokine-receptor use by LCs and pre-LCs, we reconstituted Langerin-DTR mice with a mixture of an equal number of bone marrow cells from CD45.2 + mice deficient in CCR1, CCR2, CCR5, CCR6 or CCR8 and from wild-type (CD45.1 + ) mice, then depleted the mice of host LCs through treatment with DT 3 weeks later. Because of the potential effect of chemokine-receptor deficiency on the migration of cells from the bone marrow into the circulation, we compared the ratio of CD45.2 + (chemokine receptor-deficient) cells to CD45.1 + (wild-type) cells in blood and epidermis to determine which chemokine receptors were required for the entry of pre-LCs into the epidermis.
A lower ratio of CD45.2 + cells to CD45.1 + cells among MHCII hi CD11b hi cells (a phenotype similar to that of LCs and pre-LCs) in the peripheral blood showed that CCR1, CCR2 and CCR6 were required for entry into the circulation. Deficiency in CCR5 or CCR8 did not affect this ratio (Fig. 3) . Whereas the lack of CCR1 had no effect on the entry of LCs or pre-LCs into the epidermis, deficiency in CCR2 or CCR5 had a substantial effect on both LCs and pre-LCs at this stage, with CCR2 deficiency having a stronger effect than CCR5 deficiency had (Fig. 3a) . CCR6 deficiency affected mainly pre-LCs, which demonstrated that chemokine receptors were used differently during repopulation of the epidermis by LCs and pre-LCs. Fully developed LCs derived from CCR6-deficient bone marrow were not significantly affected by the much lower abundance of pre-LCs (Fig. 3b) , which suggested a steady-state source of LCs that was independent of the LysM-expressing lineage. CCR8 deficiency resulted in enhanced repopulation of epidermis by LCs but not by pre-LCs (Fig. 3b) , which indicated that the ligand(s) for CCR8 negatively regulated the repopulation of the epidermis by LCs but not by pre-LCs. These results demonstrated that LCs and pre-LCs used chemokine receptors differently during repopulation of the epidermis.
Entry of pre-LCs into the epidermis via the hair follicles
We next sought to determine the route by which pre-LCs infiltrated the epidermis. We regularly observed pre-LCs in close association with the hair follicles in epidermal sheets during early TNCB-induced repopulation in DT-treated Langerin-DTR mice (Figs. 1f and 4a) . MHCII + cells (presumably pre-LCs) localized to follicular structures of hair follicles, particularly the infundibulum and isthmus, during repopulation (Fig. 4b) .
Because the dynamics of cell infiltration cannot be assessed in fixed ex vivo tissues, we assessed leukocytic infiltration in skin by intravital multiphoton microscopy. We reconstituted lethally irradiated Langerin-DTR mice with bone marrow cells from CAG-eGFP mice, in which expression of eGFP is driven by the ubiquitous CAG promoter, and depleted the mice of host LCs via treatment with DT. We observed infiltration of the ear skin by eGFP-expressing cells in vivo after gentle stripping of the skin with adhesive tape (data not shown), a procedure removes approximately three fourths of the cornified layers but leaves most hairs intact. We found that eGFP + leukocytes appeared in the dermis within 0.5 h of such tape stripping, and these cells accumulated near the follicular structures ( Fig. 4c and Supplementary Video 1) . Leukocytes that accumulated near the hair follicle were mainly MHCII + and CD11b + and probably represented dermal DCs and some pre-LCs (Fig. 4d) . At approximately 18-20 h after the tapestripping procedure, eGFP + cells with dendritic morphology (pre-LCs) appeared in hair follicles and extended dendrites or crawled into the interfollicular epidermis (Fig. 4e,f and Supplementary Video 2) . These observations suggested that after mechanical stress, leukocytes (particularly myeloid DCs) were recruited to the skin via hair follicles and that a small fraction of these cells, representing pre-LCs, were guided into the epidermis through these structures.
Differences in the expression of chemokines by the hair follicle
We next determined if hair follicles (and within those, different keratinocyte subsets) produced ligands for the chemokine receptors that were necessary for efficient infiltration of the epidermis by LCs and pre-LCs. To find cell-surface markers distinctively expressed by different follicular keratinocyte subsets, we did immunofluorescence staining for the hematopoietic stem-cell marker Sca-1, EpCAM, integrin α 6 and CD34. Sca-1 expression was limited to the interfolliclar epidermis and infundibulum 30 (Fig. 5a) . EpCAM, which is expressed specifically by LCs among skin DCs and in the hair follicles during embryonic development 31 , was expressed throughout the whole epidermis in adult mice and also had high expression in the infundibulum and isthmus, especially the latter (Fig. 5a) . CD34 expression was limited to the bulge area, an area that contains hair follicle and melanocyte stem cells 1, 32 , and integrin α 6 expression was limited to the basal layers (Fig. 5a) . On the basis of those patterns of expression, we sorted keratinocyte subsets from the interfollicular epidermis, infundibulum, isthmus, basal bulge and suprabasal bulge (Fig. 5b) . Real-time PCR analysis of cDNA obtained from sorted keratinocyte subsets confirmed that the expression of CD34 mRNA was limited to the bulge (basal and suprabasal layers), whereas expression of EpCAM mRNA was present in all epidermal components but was highest in the isthmus (Fig. 5c) . We detected Sca-1 mRNA in the interfollicular epidermis and infundibulum (Fig. 5a,c) .
Analysis of the expression of mRNA for various chemokines in sorted hair-follicle keratinocyte subsets showed that distinct compartments in hair follicles had different expression of the chemokines of interest. CCL20 (the ligand for CCR6) was expressed mainly by infundibular cells (Fig. 5d) . CCL1 (a ligand for CCR8) and CCL2 (the ligand for CCR2) were expressed exclusively in the isthmus (Fig. 5d) . We did not detect CCL3, CCL4 or CCL5, which are ligands for CCR5, in any epidermal compartment, which suggested that CCR5 functions outside the epidermal compartment during repopulation with LCs and pre-LCs. Although we did not detect any of these chemokine mRNAs in CD34 + , integrin α 6 -positive basal bulge cells, we found expression of mRNA for CCL8 (a ligand for CCR8) exclusively in CD34 + , integrin α 6 -negative suprabasal bulge cells (Fig. 5d) . These data demonstrated that in the epidermal component, hair-follicle keratinocytes represented a chief source of chemokines able to promote or inhibit the recruitment of LCs and pre-LCs during epidermal repopulation (Supplementary Fig. 2 ).
Suprabasal bulge cells express CCL8 in response to stress Next we attempted to visualize the chemokines of interest in situ in skin. We detected expression of S1P 1 , a molecule involved in the trafficking of lymphocytes 33, 34 and osteoclasts 35 , as well as in angiogenesis 36 , in a subset of cells in the bulge of hair follicles in anagen (the growing phase) or telogen (the resting phase; Fig. 6a ), rather than in leukocytes. These cells were bulge keratinocytes, as defined by expression of keratin 15 and CD34 (Fig. 6b and Supplementary Fig. 3 ), and were distinct from the pool of hair-follicle bulge stem cells by the absence of integrin α 6 (Fig. 6b) . S1P 1 + bulge cells represented a sharply demarcated cluster of cells that resided strictly above the basal layer (Fig. 6b) .
We were unable to visualize CCL1, CCL2 or CCL20 by immunofluorescence microscopy, possibly because of their soluble nature, but we detected CCL8 in some hair follicles (Fig. 6c) . Consistent with the mRNA data (Fig. 5d) Anagen Telogen S1P 1 Merge CCL8 S1P 1 Merge CCL8 S1P 1 (AU) Figure 6 S1P 1 expression identifies CCL8-producing suprabasal hair-follicle bulge cells. (a) Confocal microscopy of hair follicles in anagen and telogen in frozen sections of mouse skin stained for S1P 1 . (b) Microscopy of vertical frozen skin sections of a hair follicle in anagen (top), a cross-section of a hair follicle in early anagen (middle) and a vertical section of a hair follicle in telogen (bottom), stained for S1P 1 , integrin α 6 or keratin 15 (K15). (c) Microscopy of a cross-section of a hair follicle, stained for CCL8 and S1P 1 . (d) Real-time PCR analysis of the expression of S1P 1 mRNA in sorted hair-follicle keratinocyte subsets (from Fig. 5c,d ; presented as in Fig. 5c) . (e) Immunofluorescence microscopy of epidermal ear sheets from mice given no tape stripping (left) or treated to tape stripping 18 h before collection (right), stained for CCL8. (f) Confocal microscopy of epidermal sheets from mouse ears treated to tape stripping 18 h before collection, stained for CCL8 and S1P 1 . Scale bars, 100 µm (a, left), 50 µm (a, right), 20 µm (b,c,f) or 100 µm (e). Data are representative of three to five independent experiments with three mice per group in each (mean and s.d. in d).
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A r t i c l e s suprabasal bulge cells. Analysis of S1P 1 mRNA in sorted hair-follicle keratinocytes confirmed its expression in CD34 + suprabasal keratinocytes as well as in basal bulge keratinocytes (Fig. 6d) , which indicated that the expression of S1P 1 mRNA transcripts began in the basal layer but expression of S1P 1 protein was limited to suprabasal cells.
We observed uniform and substantial upregulation of CCL8 by S1P 1 + hair follicle cells after the tape-stripping procedure (Fig. 6e,f) . This indicated that this chemokine was induced in response to mechanical stress in skin. These results suggested that CCL8 may be produced in response to injury to protect the bulge area by preventing excessive influx of LCs.
Pre-LCs fail to repopulate epidermis in hairless skin in mice Next we assessed the involvement of hair follicles in the recruitment of pre-LCs into the epidermis. Conditional depletion of the metalloprotease ADAM17 (TACE) from hair-follicle stem cells by deletion of loxP-flanked alleles encoding ADAM17 via Cre recombinase expressed under the control of the promoter of the gene encoding the transcription factor Sox9 (Adam17 fl/fl Sox9-Cre) results in permanent hair loss in mice. Sox9 is expressed in hair-follicle stem cells 37 , and the permanent hair loss in Adam17 fl/fl Sox9-Cre mice resulted from failure of establishment of the hair-follicle bulge niche and maintenance of hair-follicle stem cells (data not shown). LC development in young Adam17 fl/fl Sox9-Cre mice was unaltered (data not shown). When grafted onto opposite flanks of nude mice, Adam17 fl/fl Sox9-Cre skin grafts were hairless, whereas the wild-type skin grafts grew hair (Supplementary Fig. 4a,b) . After depleting mice of LCs, we evaluated infiltration by pre-LCs 1 week after treating the mice with TNCB. We detected host-derived pre-LCs (positive for the MHC class II molecule I-A d , and langerin negative) in epidermal sheets from wild-type skin grafts, whereas the epidermis of Adam17 fl/fl Sox9-Cre skin grafts had considerably fewer pre-LCs (Fig. 7a,b) .
We also evaluated repopulation of footpads, the center of which is hairless, by LCs in Langerin-DTR mice. LCs were sparsely present in footpads, in contrast to their abundant presence in hair-bearing epidermis (Fig. 7c) . We depleted Langerin-DTR mice of LCs and treated them with TNCB and found that this induced the entry of pre-LCs into the epidermis via hair follicles; these LCs moved into hairless areas of the footpad by day 3 after treatment with TNCB (Fig. 7c) . These observations established hair follicles as critical skin structures that guided the entry of pre-LCs into the epidermis and documented that hair follicle served as leukocyte-epithelial interfaces that actively regulated the trafficking of DCs in the skin in response to environmental stimuli.
Chemokine expression by human hair-follicle keratinocytes To determine if our findings could be extended to humans, we studied chemokine expression in human scalp. The hair follicles of humans and mice have anatomical differences. Furthermore, whereas hair follicles are mainly in anagen in humans, they are mostly in telogen in mice. We therefore divided human scalp tissue into the following five parts on the basis of its anatomy, using a dissecting microscope: interfollicular epidermis, infundibulum, bulge, bulb and suprabulb 38 . We used real-time PCR to evaluate the expression of mRNA for chemokines involved during repopulation by LCs and pre-LCs in mice. Keratinocytes from human hair follicles showed distinct chemokine expression patterns. CCL2 and CCL20 were expressed in the infundibulum, as well as in the interfollicular epidermis (Fig. 8a) . Whereas the bulge and the bulb did not have high expression of chemokine mRNA, the infundibulum and the suprabulb, especially the latter, expressed both CCL1 and CCL8 (Fig. 8a) . We also evaluated the expression of chemokines that function as ligands for the chemokine receptor CXCR3, because CXCR3 + T cells have been shown to invade the hair follicles in alopecia areata 39 . The chemokines CXCL4, CXCL9, CXCL10 and CXCL11 were all expressed mainly in the infundibulum and the suprabulb (Fig. 8a) , an expression pattern nearly identical to that of CCL1 and CCL8. These results suggested that keratinocytes of human hair follicles produced distinct chemokines, with the infundibulum and the suprabulb representing the main sites of chemokine production in humans.
Lack of LCs in hairless human epidermis
Finally, we studied human skin from patients with alopecia. Alopecia areata and lichen planopilaris are characterized by lymphocytic infiltration of hair follicles and hair loss 7 . However, lymphocytic inflammation spares stem cell-containing hair-follicle bulge regions in alopecia areata, which results in reversible hair loss, whereas the bulge region is targeted in lichen planopilaris, which results in stem-cell destruction and permanent hair loss. We found that whereas LCs were present in the interfollicular epidermis of scalps from normal human subjects and those with alopecia areata, LCs were almost completely absent from the epidermis of scalps from subjects with lichen planopilaris (Fig. 8b,c) . Although there are other possible explanations, these observations were 
DISCUSSION
Here we have shown that in response to mechanical perturbation or inflammation, pre-LCs arose from monomyeloid precursors that expressed LysM, showed CCR6 dependence and rapidly populated epidermis via hair follicles to differentiate into true LCs. Hair-follicle keratinocytes in the infundibulum and isthmus recruited LCs and pre-LCs via the production of CCL2 and CCL20, whereas S1P 1 + suprabasal bulge cells negatively regulated repopulation by LCs via the production of CCL8. Pre-LCs failed to infiltrate the epidermis of hairless skin, which established mammalian hair follicles as portals for the entry of pre-LCs into the epidermis and as active participants in immunity. CX3CR1-expressing cells give rise to LCs during embryonic development 18 , and Gr-1 hi monocytes are reported to give rise to LCs in adult mice 17 . We did not detect eGFP on LCs and pre-LCs that arose from Cx3cr1 gfp/gfp bone marrow 25 . We found that pre-LCs were immediate precursors of LCs that were derived from Gr-1 hi monocytes, but such LCs of monocytic origin represented only a subset of LCs in adult mice both in the steady state and in perturbed skin. Those rapidly repopulating pre-LCs of monomyeloid origin were distinct from the slowly expanding LC populations that appeared in the epidermis in clusters after conditional depletion 24 , which bore all LC markers throughout repopulation 11 .
We also considered the relationship of LCs and pre-LCs in the context of their use of chemokine receptors. In contrast to the effect of CCR2 deficiency on both LCs and pre-LCs, the effect of CCR6 deficiency was mainly on pre-LCs. Despite the lower abundance of CCR6-deficient pre-LCs, fully developed CCR6-deficient LCs were only slightly lower in abundance. Consistent with that, the generation of LCs and pre-LCs from LysM-DTA bone marrow showed that elimination of the LysM lineage resulted in the depletion of pre-LCs but did not result in fewer fully developed LCs to the same extent. Together with the finding that LysM fm+ LCs represented only a subpopulation of LCs, these observations supported the proposal of at least two sources for LCs in adult mice. Although our data demonstrated that LCs of nonmonocytic origin also arose from the bone marrow, their exact origin(s) remain(s) to be clarified.
The association of LCs with hair follicles has been observed in human and mouse skin with undetermined importance 40, 41 . Pre-LCs associated mainly with hair follicles before appearing in interfollicular epidermis, which led us to hypothesize that hair follicles might take part in recruiting DCs to the epidermis. Indeed, keratinocytes in the infundibulum and isthmus produced CCL20 and CCL2, respectively. Given the dependence of repopulation by LCs and pre-LCs on chemokine receptors, we propose that hair-follicle keratinocytes are the main sources of chemokines that recruit LCs and pre-LCs to the epidermis.
Notably, human hair-follicle keratinocytes also had distinct chemokine-expression profiles, which demonstrated that our findings obtained with mice also related to humans. Chemokine involvement has been linked to alopecia areata, in which T cells that attack hair follicles express CXCR3 (ref. 39) , the receptor for CXCL4, CXCL9, CXCL10 and CXCL11 that we found were expressed by suprabulb keratinocytes. The suprabulb is probably responsible for the production of chemokines that recruit these pathogenic T cells.
We found that S1P 1 expression identified a distinct group of CCL8-producing suprabasal cells in the hair-follicle bulge, an immune-privileged area 4,5 that contains hair-follicle stem cells 1, 42 . CCL8 expression by S1P 1 cells was induced after mechanical stress. It seems that the bulge is protected via the CCL8-CCR8 axis during repopulation by LCs and pre-LCs initiated by the infundibulum and the isthmus. S1P 1 is a regulator of the migration of T cells 33, 34 and osteoclasts 35 , as well as of angiogenesis 36 . It has been suggested that S1P 1 -expressing endothelial cells must recruit vascular smoothmuscle cells to form tubules during angiogenesis. The effect of S1P 1 on chemokine-producing bulge cells remains to be addressed.
Mammalian hair has been regarded as a barrier that protects the body from a variety of physical stimuli, such as trauma, temperature changes and ultraviolet light, but an immunological function for hair has not been considered thus far, to our knowledge. External perturbation of this barrier could potentiate the entry of foreign materials and/or microorganisms, and it would pose considerable risk for the host should the immune system be unresponsive to such insults or unprepared for invasion. Skin is an organ that contains many leukocytes, with leukocyte numbers that exceed those in blood 43 . The recruitment and persistence of leukocytes in skin must therefore be tightly regulated. The regulation of DC trafficking by hair follicles seems to represent an important checkpoint, and hair follicles may control the intracutaneous distribution of other leukocytes. Our observations may have implications for the control of inflammation in skin diseases such as atopic dermatitis or psoriasis. Skin is also a major route for vaccination, and elucidating new mechanisms of regulating cells of the immune response in this leukocyte-epithelial interface may facilitate the percutaneous modulation of systemic immunity and thus enhance the development of new immunotherapies. npg METHODS Methods and any associated references are available in the online version of the paper. Multiphoton microscopy. Bone marrow from CAG-eGFP mice was transferred into lethally irradiated Langerin-DTR mice. At 8 weeks after transplantation, mice were depleted of LCs by treatment with DT. Mice underwent tape stripping of the inner ears 0.5-18 h before intravital observation. Images were observed and collected with a multiphoton microscope (FV1000MPE; Olympus) 47 . Mice were anesthetized by inhalation of isoflurane (Abbott). Images were analyzed with Imaris software version 6.3.1 (Carl Zeiss).
In Figure 4f ,g and Supplementary Video 2, eGFP + cells of interest were pseudocolored orange with Photoshop CS4 to distinguish them from irrelevant cells that also had high expression of eGFP.
Skin graft. Full-thickness skin obtained from Adam17 fl/fl Sox9-Cre mice and their wild-type littermates (I-A b ) within 3 weeks of birth was grafted onto opposite flanks of BALB/c (I-A d ) nude mice. Grafted skin was fixed with occlusive dressing for approximately 2 weeks. After graft establishment (at least 8 weeks), recipient mice were given topical application of 0.1% mometasone furoate ointment (Shionogi) 48 and topical treatment with 1% TNCB, followed by collection of samples for analyses 1 week later. Antibody to I-A and I-E (M5/114.15.2) was used for detection of MHCII + cells of either donor or recipient origin, and anti-I-A d (39-10-8) was used for detection of those of recipient origin.
